The gold electrodeposition process from a glycerol solution on a carbon paste electrode (CPE) was investigated by voltammetry and the morphologies of the electrodeposits were analyzed by scanning electron microscopy (SEM). Voltammetric study indicated that AuCl 4 − was reduced to Au 0 and the process was mixed controlled (mass transport and electron transfer), preceded probably by AuCl 4 − decomplexation. Glycerol affected the kinetic of gold electrodeposition in function of the AuCl 4 − concentration. SEM images indicated that the gold electrodeposit covered totally some of the graphite flake by a homogeneous morphology, regardless of the electrodeposition condition. Moreover, using a full factorial planning it was verified that the deposition charge and potential affected the modified CPE performance in a potassium ferrocyanide solution, while HAuCl 4 and glycerol concentrations affected only by interactions with the other factors.
Introduction
Carbon paste is a composite material obtained by mixing graphite powder and a binder (nujol, parafine, etc.).
1,2 The carbon paste electrode (CPE) is used in electroanalysis mainly due to the possibility of changing its composition, which can enhance the method sensibility and selectivity. 1, 2 The modified CPE can be made by introducing a desired substance (organic, 3, 4 inorganic, 5, 6 enzyme, 7, 8 etc.) into the carbon past or on its surface. The modification by metals are made mainly by introducing nanoparticles of the metal, dispersed into the binder, produced by an ex situ process. [9] [10] [11] [12] [13] [14] [15] [16] By electrodeposition also is possible to modify the CPE, producing nanoparticles or thin films which cover the graphite flake surface. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The modified CPE by metallic electrodeposits (gold, [17] [18] [19] [20] [21] bismuth, 22, 23 palladium, [24] [25] [26] antimony, 27, 28 silver, 29 etc.) has been employed at analysis of various analytes, for example: mercury(II) in water; 17 dopamine 18 and morphine 19 in the presence of ascorbic acid and uric acid; morphine in urine; 20 methadone in biological fluids; 21 heavy metals; 22, 27 nitrobenzene; 23 electrooxidation of oxalic acid; 24 hydrogen peroxide, dopamine and ascorbic acid; 25 electrocatalytic oxidation of formaldehyde; 26 indium, thallium and zinc 28 and paraquat. 29 Although the use of metallic electrodeposit as modifier on the electrodes surfaces has been very studied and some electrochemical parameters (deposition potential and time deposition) of electrodeposition are investigated on the electrode response, 22 ,24 the effect of other electrodeposition parameters are not completely described in these papers, that is, it is not investigated which electrodeposition parameters are main factors or if these factors affect the electrode response by interations. 30 In this context, a factorial planning can be used as tool to find the main factors and its interactions.
The electrodeposition process involves the reduction of metal ion from a solution, which deposit morphology and structure can be influenced by the chemical solution composition and electrochemical parameters of electrodeposition. 31, 32 In order to enhance the features of the metal electrodeposit morphologies (brightness, roughness, levelness, grain size, etc.), a substance named as additive can be introduced into the electrodeposition solution. [31] [32] [33] [34] [35] [36] [37] [38] [39] Glycerol has been shown good results for nickel, 35 lead, 36 zinc, 37 copper 38 and zinc-nickel 39 electrodeposition processes.
The modification of the bulk and surface composition of CPE can affect its performance on the voltammetric response, for example, by changing the effective electrode surface area, the inner ohmic resistance and the electron transfer rate. The ferri/ferrocyanide redox couple has been chosen to evaluate the performance of CPE because this redox couple has a well known electrochemical behavior, considered as reversible system. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] In this reversible system, it is expected to obtain a difference between the anodic and cathodic peak potentials of 60 mV and a ratio of anodic/cathodic peak current equal to 1. In a reversible system, the rate of electron transfer is higher than the mass transport, showing a high exchange current density to the redox couple. 51 In the present work, the effect of the glycerol on gold electrodeposition process on the CPE was studied by voltammetry and the morphology of the electrodeposit were analyzed by scanning electron microscopy (SEM). In addition, using a factorial planning, it was investigated the effect of some chemical and electrochemical parameters of electrodeposition on the modified carbon past electrode features in ferri/ferrocyanide system reversibility.
Experimental
All chemicals were analytical grade. The solutions were prepared with distilled water throughout. The electrochemical experiment was realized in freshly prepared plating solutions containing HAuCl 4 (chloroauric acid, Synth) and C 3 H 8 O 3 (glycerol, Synth) or K 4 Fe(CN) 6 (potassium ferrocyanide, Synth). The NaCl (sodium cloride, Proquimicos) were employed as supporting electrolyte.
UV-Vis spectrums were taken with a PerkinElmer UV-Vis Lambda 35 spectrometer.
The carbon paste (CP) was obtained by mixing graphite powder (Synth, diameter < 50 mm) and mineral oil (Isofar) in a mass ratio of 70:30 in an agate mortar until the paste acquired homogeneous consistency. The electrode was made of a polypropylene syringe (1 mL) with an electrical contact of copper wire.
Electrochemical measurements were recorded with an Ivium Compactstat 800 mA Potentiostat/Galvanostat, using an electrochemical cell with three electrodes. As working, counter and reference electrodes, CPE, platinum wire and Ag/AgCl, KCl 1.0 mol L -1 were employed, respectively. Scanning electron microscopy (SEM) photographs were taken with a JEOL JSM-IT300LV microscopy. The SEM images were obtained in the backscattered electrons (BSE) mode. To avoid SEM microscopy damage, it was removed the mineral oil from the carbon paste. The samples were prepared cutting off a little piece of the CPE and removing the mineral oil off the carbon paste by successive washing in cyclohexane, ammonium solution (1.4 × 10 -3 mol L -1 ) and distilled water. After this, the samples were dried at 80 °C for 4 h. ), which could be reached in solution with high glycerol concentration. Figure 1 shows the UV-Vis spectrum for the aqueous solution containing HAuCl 4 :glycerol in the ratios of 1:1, 1:10 and 1:100. It can be seen that the features of the UV-Vis spectrums were similar, showing two peaks (at 224 and 310 nm) related to AuCl 4 -species. This result indicated that glycerol did not act as ligand for Au 3+ in these solutions. In this case, it was investigated the effect of glycerol as additive (brighter, smoothing, etc.) on the gold electrodeposition.
Results and Discussion

31-39
Gold electrodeposition process characterization Electrochemical studies Figure 2 (dashed curve) shows typical voltammetric curves for the CPE in HAuCl 4 solution. It can be seen in the cathodic sweep that the current increased from potential more negative than +0.700 V, showing a peak at +0.600 V (region named c Au1 ), while in the anodic sweep the current increased at potentials more positive than +0.600 V, showing a peak at +0.900 V (region named a Au1 ). Reversing the cathodic sweep at +0.45 V (Figure 2 inset) , it was observed a crossover at about +0.600 V, indicating Au deposition by a 3D nucleation process. 33 ,34,52 This result It must be stressed that glycerol could be oxidized, 32, 33 thus the voltammetric studies were performed with the CPE in 1.0 × 10 -1 mol L -1 NaCl solution containing various glycerol concentrations (Figure 3a ). Figure 3b shows four successive cycles for the voltammetric curves obtained in 1.0 × 10 -1 mol L -1 glycerol. The voltammetric sweep begins at +0.800 V in direction to more negative potential, reversing the cathodic sweep at -0.200 V and the anodic sweep at +1.200 V. These voltammetric curves showed two cathodic (c gly1 and c gly2 ) and two anodic (a gly1 and a gly2 ) regions, which peak currents increased with increasing glycerol concentration. Regions c gly2 and a gly2 probably were due to the hydrogen evolution reaction (HER) and H 2 oxidation, respectively. In addition, it can be seen that the HER at c gly2 was depolarized with increasing glycerol concentration. It must be stressed that the cathodic current at +0.600 V (Figure 3b ) in the first cycle (solid line, 3.16 µA) corresponded to about 36-42%, calculated without subtracting a baseline (17-19%, subtracting a baseline), of that in the second (dashed line, 7.52 µA), third (dotted line, 8.15 µA) and fourth (dashed-dotted line, 8.72 µA) cycles. This result indicated that cathodic process at c gly1 depends on the concentration of something that was not present in the first cycle, that is, the products formed during glycerol oxidation in the region a gly1 . 53, 54 This result suggested that glycerol oxidation probably can occur in the anodic sweep in parallel to gold oxidation in solution containing HAuCl 4 and glycerol.
Figures 4a and 4b show the voltammetric curves for the CPE in NaCl/HAuCl 4 solution containing various glycerol concentrations. It was observed an increase of the cathodic peak current (i cp ) in function of the glycerol concentration (Figure 4a 52 87.1 µA), second (dashed line, 89.4 µA), third (dotted line, 90.6 µA) and fourth (dashed-dotted line, 90.5 µA) cycles were very similar (about 57.9-63.7 µA, obtained subtracting a baseline). This peak current analysis suggested that the i cp increases in Figure 4a were not only due to the reduction of glycerol oxidation products (as discussed in Figure 3a) parallel to AuCl 4 -reduction, but suggested that glycerol affected the kinetic of AuCl 4 -reduction or modified the gold deposit morphologies.
In order to obtain more information about glycerol effects on the gold electrodeposition, a set of voltammetric curves were realized in NaCl 1.0 × 10 -1 mol L -1 solution containing various HAuCl 4 concentrations, without and with 1.0 × 10 -3 mol L -1 glycerol (figure not showed here). Figures 5a and 5b show, respectively, the plots of the cathodic charge (q c ) and the ratio of q c (solution with/without glycerol) in function of HAuCl 4 concentration. The q c was measured subtracting a baseline since the cathodic charge could be influenced by the hydrogen evolution reaction (HER) at c Augly2 region, which it was more effective in solution containing glycerol. It can be verified in Figure 5a , but not linearly ( Figure 6a) ; cathodic peak potential (E cp ) shifted negatively with increasing ν (Figure 6b ) and E ap − E cp decreased with increasing ν (Figure 6c ). This result suggested that the gold electrodeposition were mixed controlled by mass transport and charge transfer. 30, 33, 34, 55 Besides, Figure 6d show that i cp /n 1/2 decreased in function of ν, indicating that a chemical reaction preceding the charge transfer occurred, probably AuCl 4 − decomplexation.
34,55
Scanning electron microscopy analysis of the electrodeposits SEM images were taken to verify the features of the gold electrodeposit morphologies grown on the graphite flakes. ) and deposition charge (1.0 × 10 -6 and 1.0 × 10 -4 C). Figure 7 showed a less magnified SEM image for the graphite powder covered by gold electrodeposits obtained at those conditions. The SEM images were taken at backscattered electrons (BSE) mode, then the white color indicated gold electrodeposits, confirmed by energy-dispersive X-ray spectroscopy (EDS) analysis. This SEM image showed well defined white and black regions, indicating that some graphite flakes were covered and not covered by gold electrodeposit, respectively. It can be supposed that the gold electrodeposition occurred on the graphite flake near the CPE surface/solution interface. The graphite flake not covered by gold is mainly that located into the CPE. Remember that the SEM analysis was made first cutting off a little piece of the CPE, and after, washing this CP to remove the mineral oil. ) at two deposition charges (1.0 × 10 -6 and 1.0 × 10 -4 C). It can be seen that the gold electrodeposit covered totally the graphite flake by a homogeneous morphology, regardless of the HAuCl 4 concentration and the deposition charge. Similar results were obtained for the gold electrodeposits obtained in glycerol solutions (Figures 9a-d) . In addition, from SEM images were observed graphite flakes with diameter smaller than about 50 micrometer, and the thickness was estimated about less than 1 micrometer. As can be seen in Figure 8c , the thickness of the graphite flake covered by gold electrodeposit does not seem to be greater than 1 micrometer. Thus, it can be supposed that the gold electrodeposit was not very thick. It must be stressed that the SEM analyses were very important to show that the gold electrodeposit covered some graphite flakes with a smoothing deposit, regardless of the chemical and electrochemical condition of electrodeposition. However, despite these similar morphological feature, the CPE performance in ferrocyanide solution was dependent on the electrochemical deposition condition (conclusion obtained from the factorial design, discussed in Tables 1 and 2 ).
Gold electrodeposit as modifier on the CPE
In light of the chemical and electrochemical parameters of electrodeposition could affect the gold electrodeposit features and then probably its performance as modifier in the CPE, a voltammetric study was realized in a potassium ferrocyanide solution, analyzing the reversibility of the ferro/ferricyanide system. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] In this study was applied a full factorial planning (Table 1) containing two levels for each factors: HAuCl 4 concentration, glycerol added, deposition potential and deposition charge. The response analyzed was the ratio of cathodic-anodic peak current (i pa /i pc ) and the difference of cathodic-anodic peak potential (ΔE) for the voltammetric curves obtained at 20 mV s -1 . Table 1 ). It can be verified in this case that the gold electrodeposit enhance the ferro/ferricyanide reversibility system, decreasing ΔE (from 0.150 to 0.070 V) and i pa /i pc (from 1.23 to 1.03) and increasing the anodic peak current (about 4.7 times higher). Table 1 shows the 2 4 full factorial design and the voltammetric results for ΔE and i pa /i pc . It can be seen that the global average responses for ΔE (0.311 ± 0.344) and i pa /i pc (1.50 ± 0.95) showed higher standard deviations (with 95% of confidence in a normal distribution), which indicated that the electrodeposition conditions probably affected the CPE voltammetric response. Table 2 showed the main and interactions effects calculated and their percentage contribution, obtained by Pareto analysis, 56 which indicated that for i pa /i pc the main factors were 4 (24.5%), 14 (20.6%) and 234 (21.0%) interactions. In other hand, for ΔE the main factors were 3 (23.9%), 123 (11.548%) and 1234 (10.683%) interactions. It can be conclude that, in this electrochemical system studied, the deposition charge (factor 4) and deposition potential (factor 3) affected the modified CPE performance as main factor, while the solution composition (HAuCl 4 and glycerol concentrations) affected only by interactions.
Moreover, it must be stressed that when employing a metallic electrodeposit as modifier, it is recommended to investigate how the chemical and electrochemical of metal electrodeposition affect the electrochemical response of the interesting species, to identify if any electrodeposition parameters are main factor. In this case, a factorial planning is an important tool to find a good compromise in variable selection to obtain the metal electrodeposit and the modified CPE response to the specific analyte.
Conclusions
UV-Vis spectrophotometric analysis and voltammetric study indicated that AuCl 4 − was reduced to Au 0 since the initial potentials of reduction and, although glycerol did not complex Au 3+ , glycerol affected the kinetic of electrodeposition. In addition, the Au electrodeposition was mixed controlled by mass transport and electron transfer, preceded by a chemical reaction, probably AuCl 4 − decomplexation. SEM images analysis showed that the gold electrodeposit covered totally some of the graphite flake by a homogeneous morphology, regardless of the HAuCl 4 concentration, deposition charge and glycerol added. Moreover, the modified CPE performance in a potassium ferrocyanide solution was influenced by the chemical and electrochemical parameters of electrodeposition. In this electrochemical system, deposition charge and potential were the main factors, while the solution composition (HAuCl 4 and glycerol concentrations) affected only by interactions with the other factors.
